Alternative ways of developing relationships between the parameters of conceptual hydrological flood routing models and the physics (understood as the hydrodynamic model or as the real system) have been examined. Three deterministic and two stochastic methods of synthesis of conceptual parameters were studied. The results offer aid in identification of conceptual parameters when modelling systems for which no historical time series of inflow-outflow data are available (e.g. ungauged rivers or river engineering design),
INTRODUCTION
The partial differential equations of flow in open channels developed in 1871 by Barre de St Venant are an established and rigorous means of describing the flow process. However, as the St Venant model was impractical in the pre-computer era, numerous alternative and simpler flood routing methods of different genetic types have been investigated theoretically and extensively used. Even now simpler methods are being developed and used, when the complete set of St Venant equations can be readily solved with microcomputers i.e. a steady movement from main-frame towards desk-top computers,
In comparison with other sorts of models , the St Venant equations *Paper presented at the Anglo-Polish Workshop held at Jablonna, Poland, September 1984. (See report in Hydrological Sciences Journal, vol.30, no.1, p.165.) 237 are more complicated, computer-time consuming and put severe demands on the quantity and quality of data. Moreover, the accuracy of simulations obtained with the help of simpler models may be sufficient for many practical purposes, for instance for screening studies where a great number of possible scenarios need to be quickly evaluated. The plethora of existing flood routing models fall into the following categorization, well established in the hydrology literature :
(a) Hydrodynamic models originating from the principles of fluid mechanics. The key role in this category is played by the complete St Venant model. Hydrodynamic models are frequently used, in particular in applications where high accuracy is required.
(b) Black box system models, e.g. a nonparametric convolution integral to be identified via processing the time series of inflow and outflow data. This sort of model is known in rainfall-runoff modelling under the name of the nonparametric instantaneous unit hydrograph. Black box system models are rarely used in flood routing due to the relatively large knowledge of the process of open channel flow, i.e. a large amount of prior information that allows a more physically sound model to be used.
(c) Conceptual models (see Table 1 ) based on an element of rigorous fluid mechanics (the continuity equation) and on some empirical concept (a substitute for the momentum equation). Conceptual models have been extensively used in practice. In the analysis of physically sound hydrologicai methods made in this contribution, some parallel methodological concepts used in rainfall-runoff modelling are briefly mentioned. This can be looked at as tracing the process back to its source, viz. effective rainfall.
Properties of hydrological flood routing methods
Conceptual models that are useful as representations of some particular system properties cannot be claimed as universal. They obviously exhibit some deficiencies; this is the price for their simplicity and of their low cost in terms of computer time and of the necessary data in comparison to rigorous hydrodynamic models. Denton & Kundzewicz (1986) analysed the deficiencies of conceptual flood routing methods pertaining to their impulse responses and found that : (a) The model equations and the assumptions made in the process of model development should not contradict reality. Therefore under some circumstances several conceptual models are not realistic and should not be applied. This refers, for example, to the following situations:
-Linear channel for long reaches. Flood waves cannot travel long distances without a change of form (attenuation).
-Linear reservoir for long reaches.
In this situation the unique linear relation between the outflow from a long reach and the storage in the reach does not hold.
-Muskingum model for long reaches.
Also the Muskingum storage/ outflow equation, although a step forward in comparison with the linear reservoir concept, fails where large reach lengths are of concern, and neither the idealized assumptions of a plane water surface profile nor the unique stage/weighted flow relationship are valid. The conclusion to be drawn from the above is that the elementary models considered (single linear channel, single linear reservoir and single Muskingum reach) fail when applied to longer reaches. The remedy is to subdivide the reach into subreaches and/or to use a series combination of elementary models.
(b) Condition of non-negativity of the impulse response, h(t), that is:
for all t S: 0 must be fulfilled for simulated hydrographs to be realistically positive for all times. This requirement is not fulfilled in the case of the Muskingum model, whose impulse response, given in Table 1 , is negative at the time instant t equal to zero, for any value of the parameter X within the range [0,l] 
where the meaning of the notation can be found in Dooge (1973) . The coefficient f(x) of the delta function term in equation (1) is positive, so the negative dips in the model response that were present in the case of the Muskingum model do not exist. However, for the case of abruptly changing (stepwise) inflows, the outflows simulated with the help of the linear St Venant model are not smooth (Fig.2) . The outflow hydrograph consists of a translation part (head of the wave, i.e. the inflow wave shifted in time without changes of amplitude proportions) and a modulation part (body of the wave). The latter element is neatly smooth, whereas the former element can distort the smoothness of the complete outflow hydrograph.
(d) Allowance for the transportation delay. Since mass and energy are transported with a finite speed in a river reach, the model should not react to the inflow disturbance immediately. However, the model delay corresponding to a transportation time greater than zero cannot be accounted for in the continuous reservoir-type models. The differential equations without shifted (delayed) arguments, such as the linear reservoir, the KalininMil jukov model or the Muskingum method, start responding to the inflow wave concurrently with the start of the inflow wave at the upstream boundary cross section. This may cause an unrealistic performance of the model for longer river reaches, where the transportation delay is significantly large. In the case of the i outflow 1 -complete dynamic wave model 2 -linearized dynamic wave model Fig. 2 Poor smoothness of the response of the linear dynamic wave model to a rectangular inflow, Kalinin-Miljukov model, however, if the values of the conceptual parameters are appropriately chosen, the model response, although commencing concurrently with the inflow wave, remains very low and attains values departing significantly from zero only for larger times, when the observed outflow also starts growing.
In order to accommodate a transportation time delay into the model is is necessary to incorporate an additive (series) term of the linear channel type, one which directly introduces a delayed argument to the ordinary differential equation of the model.
It is clear, however, that the above problems investigated for the convolution approach can be diminished or can even disappear if the finite difference method of solution of the conceptual method is used (Kundzewicz, 1980b (Kundzewicz, , 1984 . The negative dips present in the responses of the original continuous Muskingum model for positive values of the parameter X disappear if the time step of the finite difference scheme is large enough, i.e. if some relation between At, K and X is fulfilled. The time step required, however, may be impractical, i.e. unacceptably large. Further, the smoothness of the simulated hydrograph does not create any problems, since discretization usually represents some central tendency (e.g. mean value over the interval) that eliminates irregularities of infinitely short duration. The sequence of discrete points can be interpolated in such a way that the required smoothness is achieved. Thus, under some choice of time interval, the discrete version of the Muskingum model does not show the disadvantages (negative dips, poor smoothness) that the continuous version possessed. This is, however, masking the déficiences rather than eliminating them.
PHYSICAL INTERPRETATION OF CONCEPTUAL MODELS
Probably the most susceptible element of the process of hydrological systems modelling is the determination of model parameters, In the case of hydrodynamic models, the parameters have a physical sense, i.e.. can be either measured or at least estimated in the field. By contrast, the parameters of the systems black box approach and of conceptual models are usually determined from the available data on inflow to and outflow from the reach considered. This need not necessarily be, however, an easy task even though numerous advanced methods are available. The mathematical formulation of the inverse problem of identification of a kernel of an integral operator belongs to the class of ill-posed problems, and the topography of the criterion function may possess several local extrema.
However, in many practical situations (e.g. ungauged rivers or river engineering design) no historical time series of inflowoutflow data are available. In this case the model must be synthesized from phsyical information on the system available from the topographical map, aerial photographs or satellite imagery, or from a survey in the field. Therefore it would be highly desirable to find a linkage between physically sound hydrodynamic models and hydrological conceptual models. Determination of conceptual parameters based on physical system characteristics, even if not very accurate offers welcome simplicity advantages.
The idea of physically based conceptual flood routing methods can also be regarded as an illustration of the upwards conceptualization analysed by Klemes (1983) . This is the attempt "to combine, by mathematical synthesis, the empirical facts and theoretical knowledge available at a lower level of scale, into theories capable of predicting events to be expected at a higher, in our case, hydrological, level" (Klemes, 1983) . The partial differential equations of mathematical physics (at the hydrodynamic scale) are replaced with the help of conceptual ordinary differential equations (at the hydrological scale) via lumping the point-wise description to the dimension of the reach.
Assume that a set of kernel functions of linear integral operators is available and was optimally fitted to the data pertaining to one event in the systems whose physical characteristics are known. It is interesting to consider how much of this information can be used for the solution of the following three sorts of problem (Fig,3) : (a) Find the kernel functions for the same systems and for another event.
(b) Find the kernel function of another system whose physical characteristics are known and for the same event.
(c) Find the kernel function for another system and for another event.
Synthesis means using a physical interpretation of the characteristics of the kernel or system operator, i.e. expressing it in terms of physical system characteristics (problems (b) and (c) above) and aggregated event indices (problems (a) and (c) above). This would make the model easily applicable to other systems, something which is possible in a natural way only for hydrodynamic models. By making the kernel function of the linear system operator dependent on the event indices, one can account for the system nonlinearity without giving up the convenient linear mathematics.
It is obvious that in unit hydrograph theory the partial problem of synthesis categorized as case 1 in Fig.3 is trivial. Due to the assumed linearity of the system, a single IUH is applicable to any event (i.e. both a and 3 in Fig.3 ) occurring in the same system. Case 3 System b^{A] Event ft In a study of system nonlinearity, however, Amorocho (1961) examined Minshall's data (Minshall, 1960) and suggested a form of synthesis of a conceptual model for one catchment and for different amplitudes of rectangular pulse input signals. This corresponds to the case 1 according to the categorization of Fig.3 . The parameters of the conceptual T-hour unit hydrograph corresponding to the Nash model were synthesized by Amorocho (1961) in the form of the following empirical relationships:
where I is the effective rainfall. Several examples of physical interpretation of conceptual rainfall-runoff model parameters in terms of physical system characteristics were discussed by Dooge (1973) , This approach will be revisited herein later. Since the conceptual parameters depend on the system characteristics only and not on the event indices, the problem formulation is linear in the sense that the superposition principle is valid (i.e. system, not algebraic, linearity).
The most complete approach to system synthesis is labelled as case 3 in Fig.3 . Synthesis of conceptual model parameters in terms of both system and event characteristics will be tackled in detail in later sections of the present contribution.
As mentioned earlier, it is desirable to express the conceptual parameters of linear hydrological flood routing models in terms of the physical characteristics of the system (e.g. bottom slope, reach length, roughness coefficient) and of the input signal (inflow indices). An important part of such an analysis is played by a sound hydrodynamic model that can be used as a pattern for comparative studies. The most rigorous linear hydrodynamic model of open channel flow that can be used for comparisons is the linear dynamic wave model (i.e. linearized St Venant equations with no lateral inflow) as studied by Dooge & Harley (1967) and Dooge (1973) , given by:
where : is the flow rate, S" is the bottom slope and v 0 ,y 0 are the reference velocity and the reference depth respectively.
Alternatively, another representation of the hydrodynamic flood routing model can be used. Examples are provided by some simplified versions of the linear dynamic wave equation such as the linear diffusion analogy or the linear kinematic wave, given as equations (5) and (6) 
'9x (6) where c is the celerity and D is the diffusivity. It should be emphasized, however, that contrary to the unique formulation of the linear dynamic wave model for small increments from a steady and uniform reference flow in a wide prismatic channel with rectangular cross section, there are several possible ways,, also of a conceptual nature, of arriving at equation (5), as discussed by Kundzewicz (1983) . The competing methods differ with respect to the forms of the equations for the parameters c and D.
There are three types of approaches which enable the deterministic analytical links between hydrological conceptual flood routing models and their more rigorous hydrodynamic equivalent to be established. They are illustrated in Fig.4 . Yet another way of arriving at a functional representation of conceptual model parameters in terms of physical system characteristics and inflow indices is based on statistical methods. Regression techniques have been frequently applied to studies of regionaliza-tion in rainfall-runoff modelling. This has usually been done in an empirical way, i.e. by a comparison of a physical system (and not the hydrodynamic model as in the deterministic approach shown in Fig.4 ) and a conceptual model. The pattern of developing such relations is illustrated in Fig.5 . In recent years the attention of hydrologists has been drawn to the concept of linking unit hydrograph parameters with climate and catchment geomorphology (e.g. Rodriguez-Iturbe & Valdes, 1979; Rodriguez-Iturbe et al., 1982) . The development of this approach, which is being followed in numerous studies, may in time dominate the synthesis of the IUH.
SYNTHESIS BY DETERMINISTIC MEANS
The approach to the synthesis of linear conceptual flood routing models by deterministic means, as illustrated in Fig.4 , will now be looked at in more detail.
Direct method
The oldest way of obtaining the physical sense of conceptual model parameters is direct interpretation. The essence of the approach is the simplification of the hydrodynamic model in order to transform it into a structure analogous to that of the hydrological conceptual model. This is a standard approach in the development of simplified hydrodynamic models. An example of the direct method of the determination of conceptual flood routing model parameters was given by Kalinin & Miljukov (1958) . Their conceptual flood routing model assumed a division of the total channel reach into a number of so-called characteristic reaches for which linear relations between storages and outflows are valid (see Table 1 ; this concept is mathematically equivalent to a cascade of identical linear reservoirs (Nash, 1960) in rainfall-runoff modelling). Under the assumption of a plane longitudinal profile of the free water surface and a unique relationship between the outflow from the reach and the stage at the mid-point of the reach, the length of the elementary channel characteristic reach, £, reads:
where B is the channel breadth.
Another example of the direct method was given by Strupczewski & Kundzewicz (1980) who developed a novel derivation of the Muskingum method making use of the simplified hydrodynamic equations of open channel flow. Starting from the Jones type of rating curve (which can be regarded as a simplified rule originating from hydrodynamics), and under the assumption of a plane longitudinal profile of the free water surface over the reach, Strupczewski & Kundzewicz (1980) where Q-^ and Q 2 are the inflow to and the outflow from the reach, respectively; a = B S 0 /n; b = 1 -(1/So)(3y/3x); and n is the Manning roughness coefficient. In order to eliminate the derivative 3y/3x one can express b in terms of Qj, Q 2 , a, L and S Q via the following equation:
The linearized version of the storage equation (8) yields the physical sense of the Muskingum method parameters.
Matching impulse responses
The relationships between the parameters of linear hydrodynamic and hydrological conceptual flood routing models can also be established by similarity analysis of the impulse responses of the two models. This approach is sketched in the central portion of Fig.4 . Matching by impulse responses yields a partial solution to the general problems of systems equivalence and similarity. The two systems are equivalent if their responses to an arbitrary common input x £ {x} means x=a t +a , t + ... + a, T + a n n-1 1 o i.e. the input signal is an n-th order polynomial of time.
The general problem of matching the impulse responses of two models, A and B, is that of minimizing the difference between them, i.e. finding min||hA -hg||. However, only in theoretical studies will the structures of both h^ and hg be known. In practice, one tries to find the impulse response of the model (ha) that optimally fits the unknown impulse response of the real system (hg). The latter can be approximately determined bearing in mind the existence of model uncertainty, measurements error, and so on. In fact, what we have is the measure of differences of outflows, corresponding to some realistic inflow, different from the Dirac delta signal, I I V A _ V BI I • However, even if the outflows from two linear models are very similar, their impulse responses need not be equivalent.
The theoretical approach, indicated above, where h^ and h B are impulse responses of two models whose structures are known, can offer some practical value. From the theoretical viewpoint, however, it means a reduction of the space of inputs considered to one point, i.e. the Dirac delta function. One may look for the 2 conditions for which, for example, the measure of the space, L is minimized, i.e:
If A is a hydrological and B a hydrodynamic model, the condition reads :
*bl where phi and pjjj represent vectors of parameters of the hydrological and the hydrodynamic models, respectively. Thus, differentiating equation (11) with respect to PUT, one finds the matching condition as:
A simpler way of assuring some degree of similarity of model outputs is by matching the impulse responses by their time to peak (t p ) and their peak value (h_). This method originates from rainfall-runoff modelling where a two-parameter triangular IUH is a satisfactory representation of catchment behaviour.
A useful aid in studies of similarity is the method of moment matching. This was initiated by Nash (1960) who searched for correlations between a number of physical characteristics of gauged catchments and the moments of the IUH, obtained directly from the time series of rainfall and runoff data. Another use of moment matching was due to Dooge (1973) , who analytically compared moments (or cumulants) of impulse functions of hydrological (conceptual) and hydrodynamic models. This technique was supported by the lemmas on systems similarity developed in Kundzewicz (1978) and Strupczewski & Kundzewicz (1979a,b) . It can be easily seen that the technique of matching impulse responses by moments is equivalent to the technique of matching transfer functions (i.e. Laplace transforms of impulse responses) by power series developments. The latter idea was used by Marr (1977) .
It is obvious that the equivalence of two models is achieved if and only if the n-th moments of their impulse responses are equal to each other for each n = 1,2,... . Although matching of an infinite number of moments is an academic requirement, some conclusions concerning system similarity can be drawn by matching a smaller number of moments. For example, by matching the first two moments of the impulse responses of two models (e.g. the conceptual Kalinin-Miljukov model and the hydrodynamic linear diffusion analogy), a fair evaluation of the conceptual parameters in terms of hydrodynamic parameters is achieved. Kundzewicz (1978) and Strupczewski & Kundzewicz (1979a,b) 
have the first N moments of their impulse responses equal to each other, then for an arbitrary input signal common to both systems, the output signals from both models have their first N moments in common. Lemma I, valid for the finite memory case, specifies the class of input signals for which both systems react identically. Lemma II, valid for the initially relaxed case, specifies the measure of systems similarity (in the sense of common features of two system responses) for all possible input functions.
The inferences drawn above are also valid for the case of matching by cumulants (i.e. semi-invariants related uniquely to moments). This latter alternative is advantageous due to the simplicity of calculations. The results of physical interpretation of conceptual model parameters via matching impulse responses by moments, listed in Table 2 , ensures that the first two moments of the conceptual model are equal to the first two moments of the linear dynamic wave model given by equation (4) Results of the simulation of flood propagation in natural river reaches with the help of conceptual models with parameters synthetized by matching by cumulants the impulse response of the conceptual model considered and of the linear dynamic wave are given by Kundzewicz (1982) . Some of them are shown in Fig.7 . Plate & Kundzewicz (1986) compared the results of routing 54 flood waves in a schematized channel with the complete St Venant model and with the Kalinin-Miljukov model whose parameters (determined via physical interpretation in the moment-matching scheme) were allowed to change from event to event. In this study an alternative nonstandard measure of similarity was accepted, namely the similarity of the extreme value statistics of the peak outflows from both models. In fact, this is the principal index required by water resources planners and engineers. The comparison of the empirical cumulative probability functions of maximum flow rates obtained with the help of both models is given in Fig.8 , whereas the comparison of the theoretical probability functions fitted to the simulation results are given in Table 3 (after Plate & Kundzewicz, 1986) .
Matching difference schemes
Difference schemes for hydrodynamic and hydrological models are usually matched in that the output signals from both models, obtained with the help of a difference scheme are expressed as a sum of basic terms equal in both models and a remainder term that measures the order of approximation, The method of finding a physical sense for hydrological models by matching finite difference schemes was introduced by Cunge (1969) for the Muskingum flood routing method. Since then the technique has acquired a considerable development as the means for investi- However, the choice of a suitable scheme for the solution of the hydrodynamic model forms a set of many schemes both of explicit and implicit types is available, and a subjective decision is needed by the modeller. When matching the finite difference schemes, one is bound to arrive at the relationship:
where the spatial step Ax is small by assumption. The function, f, depends on both space and time steps, i.e. purely numerical parameters that did not exist in the original model equation (ordinary or partial differential equation) and that are introduced by the modeller. Cunge (1969) noticed that the implicit finite difference formulation of the linear kinematic wave model: where:
At/2 (20)
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and C x + C 2 + C 3 = 1. The difference equation (18) approximates the linear kinematic wave equation and the linear diffusion equation. The analysis of degrees of approximation was given by Cunge (1969) and Miller & Cunge (1975) .
The advantages of the Cunge approach are the possibility of assessment of the order of approximation and the possibility of easily accounting for the nonlinearity of the hydrodynamic model. When comparing one step of the finite difference scheme for the solution of the hydrodynamic model with one step for the solution of the Muskingum model one does not assume the hydrodynamic model to be linear. Parameters are constant for one step but change between steps. Thus the Muskingum parameters can follow the changes in hydrodynamic variables due to the nonlinearity of the hydrodynamic mode 1.
It is interesting to note that the Muskingum model in the version of equation (18) is the best approximation (of second order) of the equation of the diffusion analogy if the values of the parameters K and X are taken according to the following equations:
0 < X < 0.5
A different approach was developed by Koussis (1978) who formulated the following Muskingum model equations with continuous time for a short reach:
If the function Q(x + Ax,t) in these equations is developed into a Taylor series with respect to x and all the terms of order higher than 2 are neglected, then the following diffusion analogy equation can be obtained:
dx By comparing the coefficients of equation (26) with the physically significant parameters of the diffusion analogy, the equations (22) and (23) as derived by Cunge via matching finite difference schemes can be obtained. Dooge et al. (1982) suggested a more versatile scheme of physically interpreting the Muskingum parameters. The dynamic wave model was linearized around a reference trajectory and the following lumping formula for variations in flow area was accepted: " ÔA -ÔA JL (6A) = __A_^ i (27) dx L
The general formula for the parameter X, as developed by Dooge et al. (1982) reads:
where:
o and F 0 is the Froude number. In the case of a rectangular channel, equation (28) 
Comparison of deterministic methods
The author compared (1982, 1984 ) the methods of determining conceptual parameters via physical interpretation, discussed in this section, for an example system described by the following set of parameters: v 0 = 1 m s -1 , y 0 = 2 m, S Q = 0.0002, L = 20 km. The relative differences between values of parameters determined by the competing alternative methods were small (less than 2%). The formulae for the physical interpretation of conceptual model parameters, obtained with the help of different methods, and the values of relative differences in the example considered are shown in Table 2 .
Sensitivity analysis
After having expressed the conceptual parameters of the flood routing models in terms of physical system characteristics, one can perform a kind of sensitivity analysis to see the reaction of model parameters and simulated outflows to changes in the physical characteristics. High sensitivity of the model responses to changes in reference flow rate may discourage model users since in practical problems the assumption of small increments from a steady uniform situation is never met. Parametric sensitivity analysis (cf. Kundzewicz, 1980a Kundzewicz, , 1982 ) yields the ranges of values for which the system response is strongly dependent on the hydrodynamie model parameters. Examples of this are in the vicinities of the points N ^ 1 for the Kalinin-Miljukov model and X ^ 0 for the Muskingum model. These two values separate regions of the impulse responses of quite different properties. A more extensive analysis of the sensitivity properties of the Kalinin-Miljukov and the Muskingum models is given in Kundzewicz (1982) .
An interesting sensitivity feature arises in the KalininMil jukov method. With a change in the reference discharge (reference stage), both parameters K and N change within the same range of relative magnitude. If y 0 increases then K increases and N decreases. It can be shown from an analysis of the impulse response of the model that the changes in the two conceptual parameters due to changes in the reference value partly compensate each other. This is a significant advantage of the model.
As far as the Muskingum method is concerned, the parameter X (responsible for the déficiences of the model response for small times) is sensitive to changes of the reference level, whereas the other parameter, K, is some half as sensitive as X. The compensating effect present in the Kalinin-Miljukov model does not occur in the Muskingum method.
Yet another application of sensitivity analysis is as follows. Assume that the identified value of the conceptual parameter, N, of the Malinin-Miljukov model belongs to the set of real numbers. As such, it can be directly used in the integral operator approach. However, in difference methods or state space analyses one has to deal with an integral number of characteristic reaches (linear reservoirs). Thus the real value of N that results from the identification process must be rounded to the nearest integer. In order to compensate for the round-off error in N one has to amend the second model parameter, K, according to the results of sensitivity analysis.
SYNTHESIS BY STATISTICAL MEANS
A method of model synthesis frequently reported in the literature is based on regression-type linkages between the characteristics of the IUH function (or alternatively, between the conceptual parameters of the rainfall-runoff model) and the physical system characteristics. This is also called the regionalization of model parameters.
Contrary to the former section dealing with routing through a river reach the problem here is routing through a network. Although river networks can have a broad range of appearances, they also have a common structural symmetry that justifies a unified approach.
There is a big variety of different formulae valid for particular regional conditions (cf. Dooge, 1973 ,and the list of references therein). For instance, the value of the parameter, K, (i.e. the storage constant of a linear reservoir in the Nash cascade) is usually expressed in the following way: Rao et al. (1972) established a regression-type formula for the same parameter, K, accounting for the system nonlinearity (an example of the complete problem of synthesis in Fig.3 ):
where (1 + U) is an urbanization factor (U is the ratio of the built-up area in a watershed to the total area), R e is the effective rainfall (rainfall excess) and T R the rainfall duration. The nonlinearity is accounted for since the model parameter, K, depends on the input signal, R e . Rao & Delleur (1974) also developed alternative formulae differing from equation (33) by the values of the coefficients. They were developed for the same systems and for alternative fit indices (minimization of deviations between the observed and computed hydrographs or between their peak values). This shows the inherent limitations present in empirical relationships.
Since numerous references give the regression-type formulae for such characteristics of the IUH function as time to peak, peak and moments, the number of possible assessments of hydrological model parameters can be high. They are, however, all restricted in their application due to a strictly regional character.
Recently Rodriguez-Iturbe & Valdes (1979) published a series of papers on a new approach to synthesis. The aim of their research was to help understand "the role of geomorphological properties in watershed hydrology instead of the so many and not very illuminating regressions we keep using in the field."
The new concept outlined by Rodriguez-Iturbe & Valdes (1979) links the IUH function with the catchment geomorphology using a statistical approach (a study of the movement of a single drop of water). The methodological concepts used by Rodriguez-Iturbe & Valdes (1979) contain elements of dynamic probabilistic system theory and of queueing theory. The way of treating the drop of water resembles more the methodology of stochastic storage theory rather than the classical approaches of unit hydrograph theory, Concepts of the state of the system (state probability vector) and of transition (transition probability matrices) are used. In storage theory, the system transition from one state e.g. volume of water stored (V-j. : Vf £ V ± < vf) to another state (Vj : V m < V, < V^) is considered, whereas in geomorphological theory the transition means passage of the drop of water from one state (stream of order OJj^) to another (stream of order oJj, j > i) . Essential in the Rodriguez-Iturbe & Valdes studies are the assumptions of a semiMarkov process representing the transition mechanics and an exponential distribution for the sojourn of a drop in a particular state.
However, one could also consider a parallel theory developed for equal time steps and accounting for the possibility that a drop of water remains in the same state for a time period larger than one step.
Rodriguez-Iturbe & Valdes related IUH indices (time to peak, t p , and value of peak, h ) to the order of the basin, ft, the length scale, LQ, (mean length of streams of order Q), Horton's numbers Rg, R^ and R^ denoting the bifurcation ratio, length ratio and area ratio respectively (Horton's laws of stream numbers, stream lengths and stream areas), and the peak velocity of the response, V. The results for an arbitrary order of basin, Q, are as follows: h = 9-V (34) P t = k/V (35) P where
where Rg, RL and R^ typically attain values between 3 and 5 for R B , between 1.5 and 3.5 for R L , and between 3 and 6 for R A (Rodriguez-Iturbe & Valdes, 1979) .
It should be stressed that the regression equations (36) and (37) developed by Rodriguez-Iturbe & Valdes (1979) are not empirical. They are based on known functional relationships for 126 combinations of geomorphological parameters. The purpose of the above regressions was purely operational, since the derivation of general results would be very difficult, if at all possible, to obtain.
Once the characteristics of the IUH indices (for example, tp and h p ) are known, it is not difficult to conceptualize the geomorphological unit hydrograph and to produce a new form for the relations between conceptual model parameters and physical system characteristics.
For instance, the geomorphological synthesis of the Nash model based on matching the time to peak and the peak value of impulse responses (t and q ) requires the following set of equations to be solved for K and N:
where t and h are given by equations (34) to (37). The data produced by Rodriguez-Iturbe and his colleagues can also be analysed for another set of IUH indices such as moments, enabling the use of a synthesis by matching moments, as outlined earlier.
More recently, Rodriguez-Iturbe et al, (1982) extended the geomorphological theory of the instantaneous unit hydrograph into the geomorphoclimatic theory, where the IUH is conceived as a random function of climate (via distributions of storm intensity and duration) and geomorphology. As the probability distribution functions of the peak and the time to peak of the IUH depend explicitly on storm characteristics, the nonlinear effects described by Minshall (1960) , i.e. variations of the IUHs estimated from different storms in the same basin, can be quantitatively explained.
CONCLUSIONS
A crucial element in the mathematical modelling of hydrological systems via black box or conceptual means is the determination of model parameters. If a long time series of recorded input signals to a system and of output signals from it are available, one can use a number of contemporary techniques of identification of the model parameters. Sophisticated modern methods (e.g. the regularization technique) allow the intrinsically difficult badly-posed problems to be satisfactorily solved (however, at a considerable cost). The disadvantage of such an optimizing determination of model parameters is the impossibility of using the result of identification in modelling other systems (including the same physical system subject to significant anthropogenic changes such as urbanization).
In the present contribution, a survey of methods of synthesis of conceptual models is given. Determination of conceptual parameters in terms of physical system characteristics enables either flood analyses to be performed in areas where data are not available in sufficient quantity and/or quality or do not exist at all (e.g. ungauged catchments) or study of the future behaviour of the system subject to urbanization or channel improvement. Synthesis is also basic to the transposition of models from one system to another.
Two classes of approach to the problem of synthesis are recognized. First, a deterministic synthesis based on a direct approach, matching impulse responses and matching difference schemes, was investigated. Then a statistical approach, either regression analyses (dominating IUH synthesis for decades) or the recently developed concept of the geomorphoclimatical IUH, was studied.
Despite the considerable progress achieved in the theory of conceptual model synthesis within recent decades, there is evidently much room for further developments. The method of matching impulse responses of hydrodynamic and hydrological flood routing models depends on severe restrictions, such as the highly idealized geometry of the reach (wide prismatic rectangular channel) and small disturbances from a steady and uniform situation. The assumption of a rectangular channel was used originally by Dooge (1973) for the convenience of analytical calculations. It can be relaxed, however, at the cost of significantly more complicated arithmetic. Such an effort has been undertaken by Figlus & Kundzewicz (1986) for routing a flow in partially filled circular storm drains. The methodology can cover also other assumptions concerning the channel geometry.
It seems that another challenging issue in the process of producing a more practical method of synthesis is the study of system schexnatization. Is it permissible to simplify a highly irregular river reach for the purpose of mathematical modelling to the form of a wide rectangular uniform channel whose breadth and depth reflect averaged indices of the prototype, and if so, how?
It is obvious that the assumption of small perturbations from a reference state is violated in all problems of practical interest. Although the method based on this invalid assumption has been applied to real irregular rivers (cf. Kundzewicz, 1982) , its validity cannot be assumed for a large range of amplitudes of hydrological variables. Typically we consider a flood wave (assumed unimodal for the sake of simplicity) that may start from a steady and uniform flow, Q 0 , at the time instant, t , then grows to a peak value, Q p >> Q Q , attained at a time instant, t , and falls down to the initial flow, Q 0 . What should be a reasonable reference value for linearization? Keefer & McQuivey (1974) stated that "if the model is linearized about a high discharge the low flows arrive too soon and are overdamped. If the model is linearized around a low discharge the peaks arrive late and are underdamped". These dilemmas do not exhaust the doubts. It was assumed in the theory that the reference point pertains to the steady and uniform reference flow, whereas the only steady and uniform reference flow in the problem considered above was Q , and that leads to the largest possible deviations from the reference values, (Q p -Q 0 ). Plate & Kundzewicz (1986) made a preliminary check of the choice of the reference level of linearization. Their analysis showed that for the 54 waves studies, neither the linearization at the level of Q 0 (which was very low in the example studied) nor at the level of Q yielded satisfactory matching of response peaks with regard to amplitude and timing. A reasonable match was obtained for a reference value at the arbitrary heuristic level of Q p /4.
The author is convinced that the synthesis of conceptual hydrological flood routing and rainfall-runoff models will remain one of the principal directions of future hydrological research.
